High-temperature nozzle ows at low Reynolds numbers are studied numerically by the direct simulation Monte Carlo method. Modeling results are compared with the experimental data on the speci c impulse ef ciency of a heated nitrogen ow at Re = 1:78 £ £ 10 2 -4:09 £ £ 10 2 . Good agreement between modeling and data was observed for nonadiabatic wall conditions. The relative in uence of three major thrust loss factors-ow divergence, surface friction, and heat transfer in axisymmetric and three-dimensional nozzles-is estimated for stagnation temperatures of 300, 1000, and 2000 K and Re = 2:05 £ £ 10 2 . For a stagnation temperature of 1000 K, the speci c impulse is 50% larger than in the cold gas case (300 K), whereas the ef ciency is 10% lower as a result of heat-transfer losses of the same magnitude as friction losses. Axisymmetric conical nozzle thrust performance was studied for a hydrogen-air propellant over a range of Re = 2 £ £ 10 2 -2 £ £ 10 3 . It is found that vibrational relaxation could be a signi cant factor in the simulation of such ows. 
Nomenclature
T HE utility of low-thrust micronozzles to the new generation of space vehicles has been discussed by many workers. 1; 2 Different micropropulsionconcepts are being considered for space applications such as cold gas thrusters, resistojets, and others. The cold gas thrusters operating at low Reynolds numbers, Re < 1:5 £ 10 3 , have low speci c impulse (a typical value is 65-75 s for nitrogen propellant) as a result of signi cant viscous losses. Higher speci c impulse values can be achieved when a heated gas ow is generated (resistojets are an example). Recently, a fabrication of a microturbinedriven by a bipropellantmicrocombustorusing microelectromechanicalsystems (MEMS) technologyhas been reported. 3 In that work temperatures on the order of 1000 K were obtained in a silicon-based hydrogen-air combustor of dimensions of several millimeters. This last result raised the possibility of fabricating new microrocket engines. The modeling of high-temperature gases in the nozzle region will be discussed in this work.
System designers need a general capabilityto model micronozzle performance for different shapes and propellants as will be dictated by the speci c mission requirements.In this connectionthe accurate modeling of low-thrust nozzles becomes indispensable. The thrust from a micronozzle operating in a low-Reynolds-number regime cannot be calculatedusing conventionalcomputational uid dynamics techniques because the continuum assumption is not applicable throughoutthe ow. The Knudsennumber based on the nozzlethroat diameter is of the order of 10 ¡3 and grows several orders of magnitude at the nozzle exit. At such a high degree of rarefaction,a kinetic, that is, microscopic, approach has to be applied. The most powerful and widely used numerical kinetic approach is the direct simulation Monte Carlo (DSMC) method. The DSMC and continuum methods were used for performance evaluation of a cold gas ow in axisymmetric micronozzles in, for example, Refs. 4-6. The DSMC modeling of a cold gas ow in micronozzles of three-dimensional geometric con gurations was considered in Refs. 7 and 8. The DSMC method has been employedby Zelesnik et al. for the numerical study of cold and heated gas ows in axisymmetric nozzles of different geometric shapes in Ref. 9 . They reported that for higher than 300 K gas temperatures the nozzle ef ciency is less than 50% as a result of heat losses in the viscous ow at Re D 90. The main objective of the present work is the modeling of high-temperature axisymmetric and three-dimensional nozzle ows at higher Reynolds numbers, Re D 2 £ 10 2 -2 £ 10 3 , with an emphasis on the examination of gas-surface interaction effects on the nozzle performance. As was discussed in earlier work, 8 the higher Reynolds number and the three-dimensionalityof the ow increase the dif culty of obtaining an accurate DSMC solution independent of particle correlations. The numerical techniques presented in Ref. 8 are further expanded in the research discussed here.
Using DSMC techniques, the speci c impulse ef ciency (the ratio of speci c impulse to ideal vacuum speci c impulse) for a nitrogen ow at a stagnation temperature of 1033 K and low Reynolds numbers is calculated and compared with experimental data. 10 This comparison with the data provides credibility for the application of numerical modeling for anticipating new con gurations yet to be fabricated or tested. For an accurate estimation of micronozzle thrust performance by the DSMC method, a number of important simulation issues are considered in the paper. Among these are the modeling of heat transfer to the nozzle wall and thermal relaxation of gas molecules, critical in a high-temperature viscous nozzle ow. To understand the variation of the nozzle ow caused by throat and wall-temperatures and surface models, both coldand high-temperature gas ows will be investigated. The impact of vibrational-translational energy transfer in the nozzle ows containing polyatomic gases is also investigated, and results for the thruster performance are discussed.
II. Gas-Surface Interactions Models and Numerical Method
The DSMC method 11 has been applied in this work to obtain numerical solutionsfor low-Reynolds-numbernozzle ows. A DSMCbased softwareSMILE 12 is used for all computations.This code uses the majorantfrequencyscheme 13 of the DSMC method for modeling of collisional process. The intermolecular potential is assumed to be the variable soft-sphere (VSS) model. 14 The Larsen-Borgnakke model 15 with discrete rotational and vibrational energies is used to model the energy exchangebetween the translationaland internal modes. Temperature-dependent rotational and vibrational collision numbers Z r and Z v are assumed, and
Here, the VSS expression 11 is used for the collisional relaxation time ¿ c , Eq. (45) 18;19 for Z r and Z v were employed. The Maxwell model of gas-surface interactions is used to model the momentum and heat transfer to the wall. The model assumes that a fraction (1 ¡ ® d ) of incident particles is re ected specularly while the remaining fraction ® d experiences a diffuse re ection on the wall. The parameter ® d is the tangentialmomentum accommodation coef cient
where P ¿ is the tangentialmomentum. The diffuse re ection implies that the particle translational and internal energies are distributed according to the Maxwell-Boltzmann distribution subject to the energy accommodation coef cient ® E 
Gas-Surface models
Case 1, specular re ection, adiabatic wall
Case 2, diffuse re ection, adiabatic wall
Case 3, diffuse re ection, full energy accommodation at a constant T w
Hydrogen-air propellant-axisymmetric conical nozzle,
Moderate relaxation
where E w is the energy that the re ected molecule would acquire if there were a thermal equilibrium between the wall and the gas. Thus, the case ® E D 0 corresponds to adiabatic conditions and a wall temperature need not be speci ed. For ® E > 0 a constant wall temperatureis used.The modelcases and ow conditionsconsidered in the paper are summarized in Table 1 . 
III. Comparison with Experimental Data
A comparison with available experimental data 10 has been performed to validate the DSMC models and algorithms. Results of the comparison are presented in this section. Measurements of speci c impulse ef ciency of an axisymmetric nozzle for a range of low Reynolds numbers have been reported in Ref. 10 . In that work centimeter scale nozzles have been tested over a range of chamber pressure values in such a way that high enough thrust levels are produced to be measured with precision. The gas temperature in the static chamber was elevated by a resistance heating element, and nitrogen gas expansion through nozzles of different geometries was studied. Results of the measurements were also compared in Ref. 10 with the compressible boundary-layer (BL) approximation calculated according to the Cohen-Reshotko procedure. 20 A zero heat transfer to the wall was assumed in the approximation of Ref. 10 .
To compare with the experimentaldata, nitrogen ow at a stagnation temperature of T 0 D 1033 K through an axisymmetric conical nozzle with an expansion angle of 20 deg, and an area ratio of 100 is modeled for different Reynolds numbers, Re D 1:78 £ 10 2 ; 3:06 £ 10 2 ; 4:09 £ 10 2 . The full accommodation of tangential momentum (® d D 1) and different energy surface models has been used in the DSMC calculations.The calculated translationaltemperature contours for Re D 1:78 £ 10 2 are plotted in Fig. 1 for three cases: adiabatic conditions (® E D 0) and two different wall temperatures T w D 300 and 500 K (® E D 1). The calculatedtemperature eld solution is sensitive to the type of wall conditions in the latter two cases, and the difference in translational temperature between adiabatic conditions and constant T w at the nozzle exit is about 25%. The measured and calculated axisymmetric nozzle ef ciencies are plotted in Fig. 2 . Although the calculated thrust increases by a factor of two with an increase in the Reynolds number from 2 £ 10 2 to 4 £ 10 2 , the calculated ef ciency growth is strongly hampered by viscous losses. The total ef ciency rise in the experiment is only 5%, and there is a good agreement with the computational results shown in Table 2 . The BL approximation used in Ref. 10 predicts a decrease in nozzle ef ciency when the Reynolds number decreases. But the ef ciency is overestimated because the heat transfer to the wall has been neglected in this approximation. Note, the wall temperature was not given in Ref. 10 but is expected to be higher than room temperature 300 K and signi cantly lower than the stagnation temperature of 1033 K. That is why the DSMC computations were performed for constant wall temperatures of 300 and 500 K and an adiabatic wall (® d D 1; ® E D 0). The DSMC results are in good agreement with the experimentaldata for the case of T w D 500 K, for which the calculated points fall within 0.5% from the experimental ones. They are somewhat lower (within 2.5%) for a wall temperature of 300 K and signi cantly overestimatethe data for the assumption of an adiabatic wall. The prediction of nozzle performance is
IV. Effects of the Accommodation Coef cient and Temperature Regime
A study of in uence of the surface energy and momentum accommodation coef cients on the simulation results for both cold and heated nozzle ows was carried out. Molecular nitrogen expanding through a conical micronozzle at a low Reynolds number was used for this purpose.The expansionhalf-angleis 15 deg, the throatradius is 150 ¹m, and the area ratio is 100. Three sets of chamberconditions were chosen to study low-and high-temperature ows at the same Reynolds number (they will be referred to as cold, heated, and hightemperature ows). Throat conditions for these sets are calculated from chamber conditions for an isentropic expansion and are listed in Table 3 . In all three cases the Knudsen number based on the nozzle diameter is 2:77 £ 10 ¡3 , and the Reynolds number is 4:105 £ 10 2 . For these ow conditions different values of accommodation coef cients in the Maxwell gas-surface interaction model were used (see Table 1 ). Case 1 corresponds to an ideally smooth surface with no momentum and energy transfer between the gas ow and the wall. The second case is the diffuse re ection with an adiabatic wall, i.e., an average tangential momentum of re ected particles is equal to zero and no energy transfer occurs during particle-surface collisions.The last case implies both momentum and energytransfer with the wall at a constant temperature of 300 K.
Cold Gas Flow
Consider rst a cold gas ow through the nozzle with set 1 conditions (see Table 3 ). The resulting translationaltemperature contours are plotted in Fig. 3 for the three types of gas-surfaceinteractions.In case 1, where the tangential momentum of molecules that collided with the wall is unchanged, there is no surface friction, and no heat transfer occurs to the wall. No BL develops at the wall in this case. In cases 2 and 3 the translational temperature in the boundary layer near the wall is higher than that in the core ow because of viscous dissipation of the ow kinetic energy. The translational temperature pro les along the nozzle centerline are plotted in Fig. 4 . The difference between the results for an adiabatic wall (case 2) and a constant wall temperature (case 3) is small because the wall temperature is equal to the stagnation temperature of the ow. There is a local maximum of temperature observed at the nozzle exit for the last two cases, which is connected with the signi cant growth of the boundary layer. Table 4 gives calculated nozzle performance characteristics for set 1. The speci c impulse in case 1 is very close to the ideal nozzle theory prediction. In cases 2 and 3 the ef ciency of the nozzle is about 20% lower. The difference in I sp between the results for the adiabatic wall and a constant wall temperature is small because, again, the wall temperature is equal to the stagnation temperature of the ow.
Heated Flow
The structure of a heated ow for different accommodation coef cients models is shown in Fig. 5 . Comparison with Fig. 3 shows that for a heated ow the ow eld structure is more sensitive to the gas-surfacemodel than for a cold gas. The temperaturenear the wall is maximum for case 2. This is caused by the viscous dissipation of kinetic energy on the wall where the ow velocity drops and temperature increases. In this case there is no heat transfer to the wall, and the temperature is higher than in case 3, where it decreases as a result of heat losses. The in uence of the heat losses in case 3 is more evident in the translationaltemperature pro les along the nozzle axis, shown in Fig. 6 . In contrast to the cold gas ow (Fig. 4) , the calculated translational temperature for the heated ow is sensitive to the choice of the energy accommodation coef cient ® E .
The calculated thrust performance of the 1000 K heated nozzle ow is given in the Table 4 for differentaccommodationparameters. In contrastto the cold gas ow case, there is a clear trend in ef ciency as a functionof gas-surfacelosses.The thrust is a maximum in case 1 because no heat and momentum losses occur at the wall. In case 2 the ef ciency is 17.3% lower than in the ideal case caused by surface friction. Finally, in case 3 thrust performance is lower by 27% as a result of the friction and heat-transfer losses. The speci c impulse for the heated ow is higher than that for the cold gas ow, but the ef ciency is much lower as a result of additionalheat-transferlosses.
High-Temperature Flow
The nozzle ow with a stagnation temperature of 2000 K was calculated using different surface models. The translationaltemperature contours (Fig. 7) show a signi cant difference in the ow elds calculated with different surface models. Calculated temperature pro les along the nozzle centerline are plotted in Fig. 8 . In the hightemperature case the difference between the adiabatic wall model and a constant wall temperature (case 3) increases.
Calculated performance characteristics for this case are given in Table 4 . When the baseline case 3 surface model is used, the speci c impulse in the high-temperature gas ow is about two times larger than that for the cold gas. Figure 9 shows a plot of thrust vs axial station for all three sets of throat conditions for a constant wall-temperature model. The axial distance is normalized by the throat radius, and the thrust is normalized by its value at the throat. In the cold gas case the thrust is increased a maximum of 22%, whereas in the heated and high-temperaturecases the maximum value of thrust is only 10 and 7.5% larger than that at the throat. Therefore, for a high stagnation temperaturea shorternozzle or a simple sonic nozzle would be more practical at low Reynolds numbers.
It is concluded from these results that the choice of accommodation coef cients in the gas-surfaceinteractionmodel is important for an accurate numerical prediction of the nozzle performance at low Reynolds numbers. The speci c impulse of the high-temperature thruster is, as expected, higher than that of a cold gas thruster. However, heat-transfer losses are signi cant and need to be considered. The performance of high-temperaturenozzles operating at low Reynolds numbers can be optimized by geometric design.
V. Heated Flow in a Three-Dimensional Nozzle
In this sectiona coldand heated ow in a three-dimensionalnozzle is considered where the viscous effects are even more signi cant than in the axisymmetric case. The surface-to-volumeratio of a at high-aspect ratio nozzle is larger than in an axisymmetric nozzle, and the surface effects are therefore more pronounced. The nozzle has a square throat, an expansion angle of 15 deg, and an area ratio of 100. The schematic of the nozzle is shown in Fig. 10 . A nitrogen ow with stagnation temperatures T 0 D 300 and 1000 K is considered.Similar to the axisymmetric ow, the Reynolds number based on the throat width was 2:05 £ 10 2 in both cases. The diffuse model with a constant wall temperature of 300 K was used for this simulation.
The calculated number density contours in the XY symmetry plane for a cold and heated ow are shown in Fig. 11 . The ow structure is different for the two temperature regimes because in the cold gas case the wall temperature is equal to the stagnation temperature, whereas in the heated gas case the wall temperature is lower. In both cases the ow is dominated by the surface. It is illustrated by the pro le of velocity in the X direction along the nozzle centerline shown in Fig. 12 . The velocity in both cases has a maximum at approximately one-fourth of the nozzle length and after that it drops as a result of viscous dissipationof the ow kinetic energy. The decrease of the velocity at the centerline as a result of wall effects shows that the BL occupies the whole cross-sectional area of the nozzle. The calculated speci c impulse is 56.6 and 61.0 s for the cold and heated cases, respectively. The increase of the speci c impulse is considerably less than that in the axisymmetric ow as a result of larger surface-area-to-volumeratio.
VI. Hydrogen-Air Propellant Flow in a Conical Nozzle
The performance of an axisymmetric nozzle has been calculated for the exhaust gases of the microcombustor, 3 which uses hydrogen and air. The microcombustor produced temperatures in excess of 1600 K. To simulate the ow in an axisymmetric nozzle for the combustion products generated by a microcombustor, the modeling has been performed for different pressures p 0 D 0:1; 0:5, and 1 atm. A stagnation temperature equal to the adiabatic ame temperature will be assumed in the modeling. The product composition was calculated for an equilibrium combustion at a constant pressure and for the stoichiometricfuel-to-oxidizerratio. Only the major hydrogen-aircombustion products,N 2 , H 2 O, and H 2 , were assumed to be present in the nozzle gas ow. The stagnation temperature and species mole fractions are given in Table 5 . The ow through an axisymmetric nozzle with a throat radius of 1 mm and an area ratio of 100 is simulated, for the Reynolds numbers based on the throat diameter of 208, 1000, and 1976. Figure 13 shows the calculated translationaltemperature normalized by its value at the throat for stagnation pressures of 0.1 and 0.5 atm. The temperature elds are similar for the rst third of the nozzle. Further downstream, the difference is more pronounced, with the temperature being higher for the less dense case.
The calculatedspeci c impulseat differentaxialstationsis plotted in Fig. 14 for stagnation pressures p 0 D 0.1, 0.5, and 1.0 atm. For lower pressures the peak value of I sp is closer to nozzle throat.
Let us now consider the impact of the molecular internal degrees of freedom. For cold gas thruster conditions rotational relaxation is the dominant internal energy transfer process. In a high-temperature polyatomic gas, though, the excitation of molecular vibrations may become important. To study the possible effect of vibrational-translational (VT) energy transfer, the temperaturedependent and constant values of relaxation numbers Z r (Z r D 5) and Z v in the Larsen-Borgnakke model have been used in the calculations.
Modeling of temperature-dependent water vibrational relaxation was performed using Eq. (3) 
10
6 at 600 K. The vibrational relaxation of H 2 O is not well known but is expected to be higher than the slow rates of the temperaturedependent model. Therefore, the constant values of Z v D 1 and 100 were used that correspond to very fast and moderate rates of VT transfer. Figure 15 shows the calculated speci c impulse for p 0 D 1 atm and different relaxation numbers. It is seen that there is a signi cant difference (about 5%) in the results depending on the vibrational energy relaxation number. As expected, a faster VT relaxation increases the transfer of ow internal energy into kinetic energy and thus increases the nozzle performance.
VII. Conclusions
Nozzle ows at low Reynolds numbers, between 2 £ 10 2 and 2 £ 10 3 , were modeledfor differenttemperatureregimes (stagnation temperature of 300, 1000, and 2000 K). The SMILE computational tool based on the DSMC method was used in the calculations.
The results of the thrust ef ciency calculations with different gas-surface interaction models were compared with reported experimental data for a heated nitrogen ow (stagnation temperature of 1033 K). Good agreement was observed when a constant wall temperature of 500 K and a diffuse re ection with complete energy and momentum accommodation coef cients were used in the computations.
The in uence of the gas-surface interaction model was examined for an axisymmetric nozzle through variations of energy and momentum accommodation coef cients in three temperature regimes. The selection of the surface model is shown to be more important for a high-temperature nozzle ow at a low Reynolds number of 4:10 £ 10 2 . In a high-temperature ow the difference in I sp caused by variations of the energy accommodation coef cient is 18%. In a cold gas ow, where the stagnation temperature is close to the wall temperature, the variation of the energy accommodation coef cient does not signi cantly change the nozzle ef ciency. The choice of momentum accommodation coef cient is important for all temperature regimes. Its impact on thruster ef ciency is slightly dependent on the stagnation temperature,at a xed Reynolds number. The speci c impulse was shown to be two times larger for the stagnation temperature of 2000 K than for the 300 K case, and the ef ciency is only 10% smaller for the higher temperature case.
A three-dimensional nozzle con guration was studied for two temperature regimes. The most important conclusion related to this case is that the speci c impulse increases only a few percent for a heated gas caused by signi cant heat losses to the wall. In the threedimensional case the increase in stagnation temperature did not provide a similar increase in the thrust as was found in axisymmetric case.
Hydrogen-air combustion products (a mixture of H 2 O, N 2 , and H 2 ) expandingthrough a conicalnozzle were calculatedfor chamber pressures from 0.1 to 1 atm. The speci c impulse of 200 s was obtained for a 1 atm chamber pressure and 150 s for 0.1 atm. The impact of the translational-vibrational relaxation rate dominated by energytransfer between water and N 2 and H 2 was studied and shown to signi cantly affect the speci c impulse.
This work has demonstrated the utility of DSMC modeling to evaluate small-scale devices such as combustion and nozzle design options. Moreover, it demonstrated that DSMC can be used as an effective design tool to assist in device fabrication and testing.
